The performances of HZSM-5 and transition metal-loaded HZSM-5 (Mn, Cu, Fe, Ti) catalysts during catalytic ozonation of phenol have been investigated. It was observed the performance order for removal of phenol and COD was Mn/HZSM-54Fe/HZSM-54Cu/HZSM-54Ti/HZSM-54HZSM-5.
INTRODUCTION
Phenolic compounds are a major class of pollutants due to their widespread applications in chemical, petrochemical, and pharmaceutical industries. The release of these phenolic compounds from different sources causes contamination of the aquatic environment. EPA enlists all of the phenolic compounds as refractory pollutants due to their toxicity and low biodegradability.
Ozone is capable of mineralizing refractory organic compounds that are usually recalcitrant to conventional processes. According to previous studies, effectiveness of ozonation can be enhanced by decomposing ozone into OH*/O type radicals and/or concentrating pollutants on a heterogeneous surface (Legube & Leitner 1999) . Studies have reported that the presence of metals or their oxides enhanced the decomposition of dissolved ozone into oxidants that possessed higher oxidation potentials (O/OH * ) (Villasenor et al. 2002) . Similarly, the removal of phenol was enhanced by adding metal oxides and metal ions compared to ozonation alone (Sano et al. 2007) .
Combining transition metals and/or their oxides with hydrophobic zeolites may synergize the organic removal capability of catalyst during ozonation. Adsorption of phenol on zeolite generates the concentrated zones whilst metal oxides decompose dissolved ozone in order to enhance the rate of ozonation reaction (Yamamoto et al. 2009 ). Moreover, the removal of phenol from adsorbed surface can regenerate zeolite automatically since impregnation of metals oxides on zeolite may enhance ozonation of phenol. The type of metal being loaded on zeolite is one of the important factors that affect the degradation ability of a catalyst. Sano et al. (2007) observed the effect of transition metal (Co, Ni) loadings on zeolite for ozonation of aqueous phenol. According to their study, there was no significant removal of phenol by loading 5% Co or Ni on HX zeolite. According to Li et al. (2008) , the removal of phosphine gas was enhanced by loading Cu on ZSM-5 while Yokomichi et al. (2000) reported that addition of Ca or Ni metals on Cu/HZSM-5 increased both catalyst activity for NO x removal and its resistance to deactivation by O 2 or H 2 O. These studies suggested that metal impregnated hydrophobic zeolites might be a suitable option to remove phenol from water.
The combined role of zeolite as adsorbent and catalyst is expected to enhance the removal of phenol or any other organic compounds. Phenol was selected as the model compound due to its high miscibility with water and potential for release into the aqueous environment. In this paper, the effect of combined adsorption in the presence of metal-loaded zeolites and ozonation is studied. The paper investigates the suitability of transition metal-loaded (Mn, Cu, Fe, and Ti) HZSM-5 as an ozonation catalyst. The performance of the catalysts was evaluated based on removal of phenol and COD from aqueous solution. All metal/HZSM-5 catalysts were prepared by dry impregnation method. Initially, ammo-ZSM support was calcined at 773 K for 5 h to produce HZSM-5 before being impregnated with metal solutions. For impregnation, the metal salt solutions were mixed with HZSM-5 for 2 h. The resulting mixture was dried overnight in the oven at 393 K calcined in air at 773 K for 5 h. HZSM-5 was loaded with 5% of each metal as suggested previously (Amin et al. 2005) . All of the percentages given are in weight percent unless otherwise mentioned. The quantity of metal to be impregnate on HZSM-5 was calculated according to (Equation (1)).
MATERIALS AND METHODS

Catalyst preparation and characterization
where W m,salt is weight of metal to be impregnated in gram, W z is the weight of the zeolite, X is percentage of metal salt in the catalyst, N is the number of moles of metal to be impregnated, MW m,salt is the molecular weight of metal salt, and mol m,salt is the moles of metal salt. The reducibility of all the catalysts was determined by TPR-H 2 analysis. The surface area of some catalysts was measured by BET method using the N 2 adsorption technique as described in our previous research (Amin et al. 2005) . Both analyses were conducted at Petronas Research and Scientific Services (PRSS), Bangi, Malaysia.
Ozonation of phenol
The catalytic ozonation tests were carried out in a semicontinuous system. Ozone was produced in an ozone generator (Triogen) using purified air. The ozone concentration at the outlet of ozone generator was 4.0 mg/L. The ozoneladen air at 1.0 L/min was then passed through a glass reactor containing 350 ml of 100 ppm of aqueous phenol. The phenol solution in the reactor was stirred constantly at 400 rpm with 1.0 g of catalyst added in each batch. Two bubblers containing saturated calcium hydroxide (BDH Chemicals, Reagent Grade) solution and 2% KI (Merck, Reagent Grade) solution retained the surplus ozonated air.
Analysis
Waters high performance liquid chromatography (HPLC) equipped with a Waters 486 UV detector, Waters 600 Controller, Waters 717 plus autosampler and an integrator (Millennium Software), was used to measure the concentration of phenol. The column used was a reverse phase SGE Wakosil-II 5 mm (15 cm Â 0.46 cm). The flow rate of the mobile phase, which was a mixture of 40% acetonitrile (Merck HPLC Grade) and 60% water (distilled and deionized) was 1.0 ml/ min. The wavelength of the UV absorbance used was 254 nm. The COD analysis was carried out using Hack Method 8000 with a low range reagent (0-150 mg/l) and a Hach DR 2000 spectrophotometer. The removal of phenol and COD were calculated according to (Equation (2)).
where X o is the initial concentration of phenol or COD and X t represents their concentration after time, t.
RESULTS AND DISCUSSION
Temperature programmed reduction by H 2 (TPR-H 2 )
Adsorption of H 2 during TPR analysis measures the extent of metal oxide reduction (Li et al. 2001) . The amount of H 2 consumed by different metal/HZSM-5 catalysts during TPR-H 2 analysis is indicated in Figure 1 . H 2 was not adsorbed on HZSM-5 support, which suggested that zeolite was free of metal impurities. Similarly, adsorption of H 2 on Ti/HZSM-5 was also negligible. This shows that TiO 2 was not reduced although Ti possessed two oxidation states. It was observed that H 2 adsorption also depended on the metal concentration as 8% Mn/HZSM-5 absorbed more H 2 than 5% Mn/HZSM-5. Fe loaded HZSM-5 catalyst consumed the maximum amount of H 2 (32.95 cm 3 /g).
As shown in Figure 1 , the reduction peaks were insignificant for both HZSM-5 and Ti/HZSM-5. Villasenor et al. (2002) (Cadus & Ferretti 2002) . Meanwhile, the TPR-H 2 profile for Mn/HZSM-5 exhibited two reduction peaks. The reduction temperature range was 570-650 K and 623-750 K for 5% Mn/HZSM-5 and 8%Mn/HZSM-5 catalysts, respectively. The shift in the reduction temperature range was due to Mn loadings and metal-support interaction (Cadus & Ferretti 2002) . At high Mn loadings, both the reduction temperature range and peaks were similar to the reduction of bulk MnO 2 . It was also reported that reduction of MnO 2 occurred in three steps: MnO 2 (black) reduced to MnO (grey) via Mn 2 O 3 (black) and Mn 3 O 4 (brown) oxides (Kastner et al. 2009 ). The higher intensity of the first peak compared to the second in case of 5% Mn/HZSM-5 suggested the presence of more MnO 2 species relative to Mn 2 O 3 . However, the intensity of peaks in 8% Mn/HZSM-5 was opposite to that in 5% Mn/HZSM-5. Meanwhile, Villasenor et al. (2002) reported that high Mn contents in HZSM-5 inhibited the complete oxidation of Mn 2 O 3 to MnO 2 during calcinations, which can be the possible reason for the change in peak intensity in Mn/HZSM-5. It can be generalized that metals existed as mixture of oxides on the supported surface. Figure 2 exhibits the removal of phenol and COD by 5% loading of different metals (Mn, Fe, Cu, and Ti) on HZSM-5 catalyst. Mn loadings enhanced the removal capability of HZSM-5 support. Fe loading also supported phenol and COD degradations. However, Cu and Ti loadings could remove phenol only slightly higher than HZSM-5 support itself. The order of the catalyst performance for removal of both COD and phenol was Mn/HZSM-54Fe/HZSM54Cu/HZSM-54Ti/HZSM-54HZSM-54without catalyst. A maximum of 81.9% phenol and 63.6% COD were removed by Mn/HZSM-5 catalyst in 30 min of reaction time.
Activities of different metal -loaded HZSM-5 catalysts
The enhancement in removal of phenol and COD by metal-loaded HZSM-5 can be attributed to the oxidationreduction capability of transition metals. TPR-H 2 analysis revealed that no reducible species were observed for Ti/HZSM-5 catalyst. Therefore, its removal capability was similar to HZSM-5. As indicated in Figure 1 , H 2 consumption was the highest for Fe/HZSM-5 catalyst, which suggested that Fe was reduced to lower oxidation states. Similarly, Mn and Cu were also reduced to other oxidation states. Another point to note was the ease of reduction and oxidation of metals to their oxides and vice versa. Although the reduction was the highest in Fe/HZSM-5 catalyst, its reduction temperature range was higher than Mn/HZSM-5 and Cu/HZSM-5 (see Figure 1) 
Influence of Mn loading on phenol removal
Since removal of phenol and COD was higher over Mn/ HZSM-5 catalyst, the effect of Mn loadings on HZSM-5 was investigated further. Enhancement in removal of both phenol and COD by addition of 0.5% Mn on HZSM-5 indicated the synergic effect of Mn loadings on the adsorption and catalytic effects ( Figure 3) . A maximum of 81.2% phenols and 63.6% COD were removed over 5% Mn loading. Compared to 5% Mn/HZSM-5, impregnation of 8% Mn on HZSM-5 actually inhibited the phenol removal. Low degradations of phenol and COD over 8% Mn/HZSM-5 can be attributed to reduced surface area due to the filling of the support pores by metal loadings.
As illustrated in Figure 4 , the phenol adsorption capacity of HZSM-5 zeolite varied with Mn loadings. Initially the adsorption rate was higher as the empty pores of HZSM-5 had allowed higher mass transfer whereas on saturation of such pores the adsorption rate reduced sharply. The phenol and COD degradation profiles behaved similarly to the adsorption trend. It can be deduced that the phenol decomposition capability of Mn/HZSM-5 catalyst was dependent on HZSM-5 adsorption capacity. Increasing Mn loading from 2% to 5% on HZSM-5 reduced the adsorption of phenol. Previous studies observed that high concentrations of Mn (II) ions scavenged hydroxyl radicals (Ma & Graham 2000) and that small portion of metal loadings would be sufficient to initiate * OH radical reaction chain. Thus, low Mn loading on HZSM-5 was sufficient to remove phenol and COD.
The selection of a suitable transition metal and the amount loaded seemed to control the effectiveness of metal impregnated zeolites for ozonation purposes. Further investigation of using two or more transition metals loaded together on HZSM-5 or on other hydrophobic zeolites may be helpful in defining the pollutant degradation behavior of metal-loaded zeolite catalysts.
Prolonged catalytic ozonation test
More experiments were conducted to investigate the rate of phenol and COD removal for 2% Mn/HZSM-5 catalyst as shown in Figure 5 . A maximum of 95.8% phenols and 70.2% COD were removed during 120 min of combined ozonation and adsorption. Approximately 37.9% phenols and 30.0% COD were removed by adsorption on 2% Mn/HZSM-5 indicating that catalytic ozonation itself removed considerable portion of phenol and COD. These results conferred that the adsorption of phenol on the Mn/HZSM-5 catalyst supported the removal rates of phenol and COD during ozonation. Both Mn metal and HZSM-5 had contributed to the removal of phenol and COD. Use of only metal MnO 2 as bulk catalyst could remove 46.3% of 100 ppm solution of phenol in 100 min (Villasenor et al. 2002) . Higher phenol degradation observed in this study suggested the synergetic effect of Mn metal and HZSM as the phenol removal was almost double (B90%) in 100 min in 2% Mn/HZSM-5 catalyst case (see Figure 5 ). 
Role of metal/HZSM-5 catalyst in ozonation of phenol
According to the observations in this study, HZSM-5 mainly acted as adsorbents for both phenol and COD. Its large surface area provided a medium for ozone and phenol adsorption. This can increase the possibility of reaction among the reactant species due to apparent increase in concentration of phenol while the metals sites on catalysts helped to decompose ozone to oxidative radicals [Fujita et al. 2004] . The generation of highly oxidative species by metals largely removed phenol and COD from the solution that explained why the degradation percentage was higher in metal/HZSM-5 catalytic runs compared to only HZSM-5 for phenol and COD (Figure 2) . However, the type of metal and the amount of metal loading on HZSM-5 affected the performance of the metal/HZSM-5 catalyst. For instance, degradation amongst the metal/HZSM-5 catalysts was the highest in case of 5% Mn/HZSM-5. Based on the behavior of catalyst for degradation, two pathways are plausible. Firstly, surface reactions could be the major factor for direct ozonation of phenol. For surface reactions, HZSM-5 catalyst adsorbed both phenol and ozone on its surface, increased their concentration level and reaction possibilities. Secondly, by indirect reactions ozone adsorbed on the surface of the HZSM-5 was decomposed into highly oxidative radicals by metal ions. These radicals then decomposed phenol that was adsorbed on the surface of the catalyst or was present in the bulk phase. Initially, rate of reactions that depend upon adsorption and desorption of species was fast due to high reactant concentrations and concentration gradients. Production of recalcitrant by-products as well as hindrance in adsorption and desorption of reacted compounds may reduced the rate of reaction as ozonation proceeded.
CONCLUSIONS
Synergic effect of transition metal loading on HZSM-5 was observed for both phenol and COD removal. Among the metal-loaded HZSM-5 catalysts (Mn, Ti, Cu, Fe), 2% Mn/ HZSM-5 removed the highest phenols (95.8%) and COD (70.7%). 2% Mn loading removed more phenols and COD compared to 8% loadings, indicated that excessive amount of metal loading on HZSM inhibited performance of catalysts. Fe/HZSM-5 also removed considerable amount of COD and phenol. However, Ti, Mn and Fe loaded HZSM-5 catalysts were not much effective in removing phenol and COD. The number of oxidation states of transition metals and ease of oxidation were two parameters that defined the capability of metals. It was observed that loading of certain metals such as Mn and Fe on HZSM-5 was helpful to remove phenol and COD due to their ease of oxidation and higher number of oxidation states. 
